Purpose: Q-space imaging (QSI) is a diffusion-weighted imaging (DWI) technique that enables investigation of tissue microstructure. However, for sufficient displacement resolution to measure the microstructure, QSI requires high q-values that are usually difficult to achieve with a clinical scanner. The recently introduced "low q-value method" fits the echo attenuation to only low q-values to extract the root mean square displacement. We investigated the clinical feasibility of the low q-value method for estimating the microstructure of the human corpus callosum using a 3.0-tesla clinical scanner within a clinically feasible scan time.
Introduction
The tissue microstructure strongly affects the diffusion of water molecules in living tissue, and visualization of molecular motion using diffusionweighted imaging (DWI) provides insights into the tissue microstructural environment, including physiological and pathological conditions. Diffusion tensor imaging (DTI) is one of the most widely applied DWI techniques in clinical examination and research of the central nervous system (CNS), es-pecially for tractography of white matter pathways 1,2 and investigation of several white matter conditions, including myelin development, [3] [4] [5] aging, [6] [7] [8] Wallerian degeneration, 9, 10 and demyelinating disorders. 11, 12 DTI assumes the probability density function (PDF) of diffusion displacement to be Gaussian. In reality, however, this is rarely the case in biological tissue because tissue microstructures, such as cell membranes and myelin sheaths, can act as barriers to water molecules and hamper their free diffusion.
Unlike DTI, Q-space imaging (QSI), a DWI technique proposed by Callaghan 13 and by Coy and Garroway, 14 does not assume a predefined shape for the PDF. It has been detailed in the excellent review article and textbooks. [15] [16] [17] Briefly, in QSI, the PDF of molecular diffusion displacement is obtained by means of a Fourier transform of measured diffusion echo attenuation with respect to the reciprocal spatial vector q. q is defined as (2³)
¹1 £¤g, where £ is the gyromagnetic ratio, ¤ is the diffusion gradient pulse duration, and g is the amplitude of the gradient pulse. In the long diffusion time limit (defined as "diffusion time ) a 2 /2D," where a is the compartment size in which the diffusion takes place and D is the diffusion coefficient), the full width at half maximum (FWHM) of displacement PDF correlates with the spacing between barriers, such as the cell membrane and myelin sheaths, which impede the motion of water molecules. Therefore, QSI is able to provide information about tissue microstructure, such as cell compartment size and axon diameter, and it has been used to investigate the development of myelin, 18 multiple sclerosis, [19] [20] [21] and myelin damage. 22 Due to the Fourier transform relationship between the echo attenuation and the PDF, the displacement resolution of the PDF is determined by the maximum q-value and equals 1/(2q max ). However, electron microscopy study of the post-mortem human corpus callosum demonstrated that the diameters of myelinated fibers ranged from 0.2 to larger than 10 µm and the median diameter of axons was 0.6 µm in the genu and one µm in the splenium. 23 It is obvious that a high q-value would be required to achieve sufficient displacement resolution to measure those fibers. Here, it should be noted that QSI was developed under the approximation of a short gradient pulse (SGP); in other words, duration of the diffusion gradient pulse (¤) must be much shorter than the time interval between 2 diffusion gradient pulses (¦), and ¤ should be close to zero (¤ ( ¦ and ¤ ¼ 0). Acquisition of a high qvalue would require very high gradient amplitudes while keeping ¤ as short as possible. This cannot be achieved on a clinical scanner. Therefore, in many cases, approximation of the SGP is violated due to the effort to have a high q-value.
As an alternative method, Ong and Wehrli 24 and Malmborg's group 25 introduced the low q-value method, which fits the measured echo attenuation at only low q-values to extract root mean square displacement; they demonstrated the approach with excised mouse spinal cord 24 and excised human brain white matter. 25 Because this method uses only low q-values, relatively low gradient amplitudes suffice, unlike in the case of displacement PDF. Ong's group have also shown the feasibility of this method using a 1.5-tesla clinical scanner with 40 mT/m gradient. 26 However, they scanned the excised cervical spinal cords of pigs for 5 hours, which is not representative of the clinical situation.
We investigated the clinical feasibility of this fitting method using only low q-values for estimating the microstructural properties of axonal fibers in the corpus callosum of healthy human volunteers using a 3 T clinical scanner within a clinically feasible scan time.
Materials and Methods

Theory
Several approaches have been presented to describe the echo attenuation of restricted diffusion in a particular geometry, such as between 2 parallel planes, in a cylinder, and in a sphere. [27] [28] [29] [30] When assuming that water molecules are confined within an impermeable cylinder with radius of r and diffusion gradients are applied perpendicular to the axis of the cylinder, under SGP approximation and long diffusion time limit, the echo attenuation is expressed by:
½1
where J 1 is the first-order Bessel function. Expansion of Eq. [1] in 2³qr gives:
When 2³qr is much smaller than one, Eq. [2] can be approximated by:
2 ½3
The mean square displacement is implied to be
and Eq. [3] can be rewritten as:
which reduces to the Stejskal-Tanner equation with an apparent diffusion coefficient,
is replaced by ¦ under a long diffusion time limit. Equation [5] only models the echo attenuation of the restricted diffusion that occurs in the intraaxonal space (IAS). In DWI of biological tissue, the extra-axonal space (EAS) contributes a large amount of signal. In several diffusion models, diffusion in the EAS is considered to be hindered diffusion with Gaussian distribution 31, 32 and is modeled by the one-dimensional Stejskal-Tanner equation:
where D h is the hindered diffusion coefficient. Under the SGP approximation and long diffusion time limit, Eq. [7] can be rewritten with q as
With the above Eqs. [4] and [6] , Eq. [8] would have exactly the same shape as Eq. [6] :
Ong and Wehrli 24 have introduced a two-compartment model using Eqs. [5] and [9] to account for the diffusion in both the EAS and IAS:
where f EAS is the volume fraction of the EAS and f IAS , of the IAS ( f EAS + f IAS = 1), and Z EAS is the root mean square displacement of water molecules in the EAS and Z IAS , of the IAS.
Simulation
As described earlier, Eqs. [5] and [10] are valid only when the q-value is very low. 16 However, we believe no paper clearly indicates how small the qvalue should be in this technique. Therefore, we performed a simulation to explore the acceptable range of maximum q-values for fitting of the echo attenuation to Eqs. [5] and [10] . We produced 3 ensembles of 100,000 cylinders with different mean diameters, with the diameter of each cylinder randomly generated from the gamma distribution, which is used to model the axon diameter distribution in the AxCaliber method proposed by Assaf and colleagues. 31 Table 1 shows the gamma distribution shape parameters ¡, scale parameter ¢, standard deviation, and skewness of each diameter distribution (A-C), and Fig. 1 shows the generated diameter distributions. These cylinders were used to resemble the axonal fibers, which were aligned to one certain direction. The echo attenuation of restricted diffusion within each cylinder was then generated using Eq. [1] , and the attenuations of the cylinders were added together to generate the mean echo attenuation from the IAS of 100,000 cylinders as: Table 1 . Gamma distribution shape parameter ¡, scale parameter ¢, standard deviation, and skewness of distribution A-C used in the simulation EðqÞ ¼
½11
where P (r i ) is the probability density function of finding a cylinder with radius r i , and E i (q, r i ) is the simulated echo attenuation of restricted diffusion within the corresponding cylinder with radius r i . Because the amount of the water in the cylinder is proportional to the square of the cylinder radius, the contribution from each cylinder to the signal is also proportional to the square of the cylinder radius. [33] [34] [35] Consequently, we used the weighted mean diameter of 100,000 cylinders defined as:
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We also used Eq. [7] to generate echo attenuation due to hindered diffusion as a model of the signal from the EAS. The values of ¤ and ¦ were set at 5 and 100 ms, and D h was set to 0.8 © 10 ¹3 mm 2 /s. This echo attenuation of the EAS was combined with each mean echo attenuation of the IAS to generate the echo attenuation of the mixed signal from both the IAS and EAS. Figure 2 shows the simulated mean echo attenuation curves from the IAS (a), which was fitted to Eq. [5] for the onecompartment model, and from both the IAS and EAS (b), which was fitted to Eq. [10] for the twocompartment morel. For each echo attenuation of 3 different distributions (A-C), several fittings were performed using different maximum q-values of 100, 200, 300, 400, 500, 600, 700, 800, 900, 1000, 1500, 2000, 2500, 3000, 4000, 5000, 7500, and 10,000 cm ¹1 . We estimated the root mean square displacement of the IAS (Z IAS ) and EAS (Z EAS ) and the IAS volume fraction and calculated the mean diameter of the IAS (mean axon diameter) and mean diffusivity of the EAS using Eqs. [4] and [6] .
In vivo experiment on healthy volunteers
Our institutional ethical review board approved the study, and informed consent was obtained from each subject.
7 healthy male volunteers (aged 23 to 36 years, mean age 30.3 years) participated in in vivo human experiments. All experiments were performed on a 3 T MRI scanner (Achieva TX, Philips Healthcare, Best, The Netherlands). Diffusion-weighted images of 12 sagittal slices were obtained at the midline of the corpus callosum using a spin-echo single-shot echo-planar imaging (EPI) sequence. Distortion due to the single-shot EPI acquisition was minimized by reducing the field of view (FOV) and applying outer volume suppression. 36 This technique enables an FOV that is smaller than the size of the brain without back-folding and improves in-plane spatial resolution without increasing the matrix.
Imaging parameters were: FOV, 120 mm; senseencoding (SENSE) factor, 1. ¹1 ) were applied in the y-direction perpendicular to the nerve fibers of the corpus callosum. For the maximum b-(q-) value, a magnetic field gradient strength of 62 mT/m was used. With 6 averages, the scan time was 12 min 56 s.
The central 2 slices depicting the middle of the corpus callosum were chosen, and a region of in- . For the sake of clarity, each curve is shown with a maximum q-value of 1000 cm ¹1 , instead of 10,000 cm ¹1 , the maximum q-value used for fitting simulation.
terest (ROI) surrounding the corpus callosum was manually placed on both slices. The echo attenuation of each voxel in the ROIs was fitted to Eq. [10] for the two-compartment model, and color maps were generated of the mean diameter of the IAS (mean axon diameter) calculated from the Z IAS using Eq. [4] and of the IAS volume fraction. In addition, each ROI was segmented into 7 anatomical regions (Fig. 3 ) following Witelson's method. 37 The (*) line, which divides A1/A2 and A2/A3, is assigned at the point most anterior on the inner convexity of the anterior callosum. We estimated the averaged mean axon diameter and IAS volume fraction of each anatomical region, except the A1 region, which was too small to measure. Paired 2-tailed t tests were performed to compare the regional difference of the averaged mean axon diameter and IAS volume fraction. Bonferroni correction (P value / number of comparisions) was applied to correct for multiple comparisons.
All simulation and image data processing were performed with Matlab (MathWorks, Natick, MA, USA).
Results
Simulation Table 2 shows the estimated values of the mean diameter of the IAS, IAS volume fraction, and EAS diffusivity, which were derived from the one-and two-compartment model fitting simulation. For the sake of clarity, only values derived from the fitting with maximum q-values of 700 and 800 cm ¹1 are shown as representative because the maximum qvalue used in our in vivo volunteer experiment, 737 cm ¹1 , fell between them. These estimated values were in good agreement with the values defined for the simulation (Table 2, boldface). Figure 4 shows the plots of the estimated mean diameter of 100,000 cylinders (a), IAS volume fraction (b), and EAS diffusivity (c) derived from the one-and two-compartment model fitting with respect to the different maximum q-values used for the fitting. We observed two main trends from the results. First, when the maximum q-value was very small, especially at 100 and 200 cm ¹1 , we observed a relatively large fluctuation of the estimated mean diameter, IAS fraction, and EAS diffusivity in the two-compartment model fitting. Second, when the maximum q-value was high, the estimated mean diameter, IAS fraction, and EAS diffusivity tended to deviate from the defined values. Moreover, we found that the behavior of the deviation differed depending on the mean diameter of the diameter distribution. Specifically, compared to Distributions A and B, Distribution C, with the largest mean diameter, showed deviation that started at the lowest maximum q-value, and compared to Distributions B and C, the deviation observed with Distribution A, with the smallest mean diameter, started at the highest maximum q-value. . From these results, we found the mean axon diameter larger in the body of the corpus callosum (A3 to A6) and smaller in the genu (A2) and splenium (A7). As Table 3 shows, the differences of the averaged mean axon diameter between the genu (A2) and body (A3 to A6) and the body and splenium (A7) were highly significant (P < 0.01/15 after Bonferroni correction); however, the difference between the genu and splenium was not significant. There were also significant differences between the anterior (A3 to 4) and posterior (A5 to 6) part of the body (P < 0.01/15 and 0.05/15 after Bonferroni correction). On the other hand, we observed an opposite anterior-to-posterior trend, with higher IAS volume fraction in the genu and splenium and lower fraction in the body of the corpus callosum. The differences in the averaged IAS volume fraction between the genu (A2) and body (A3 to A6) and the body and splenium (A7) were mostly significant, except between A2 and A5, but the difference between the genu and splenium was not significant (Table 4) . Within the body, the difference was not significant, except between A5 and A6.
In vivo experiment in healthy volunteers
Discussion
Simulation Excellent agreement between the defined values of the mean diameter of the IAS, IAS volume fraction, and EAS diffusivity and their estimated values were obtained from both one-and two-compartment model fitting at maximum q-values of 700 and 800 cm ¹1 . This suggests that the maximum qvalue of 737 cm ¹1 used in our in vivo experiment was reasonable.
Equations [5] and [10] are valid only if 2³qr is smaller than 1 (in other words, the maximum q-value should be smaller than 1 2r where r is the radius of the cylinder), 16 because a bigger 2³qr invalidates the approximation in Eq. [3] . This condition may explain the observed tendencies of the estimated mean diameter, IAS fraction, and EAS diffusivity to deviate from the defined values with the increase of the maximum q-value. In addition, the observed relationship between the deviation and the mean diameter of the distribution also agreed in the condition mentioned above. With a larger radius r, the approximation in Eq. [3] breaks down quicker with increase of the q-value. Therefore, distributions with larger mean diameters induce deviation of the estimated values at lower maximum q-values.
We should also note that we observed a relatively large fluctuation of estimated values of mean diameter and EAS diffusivity with the two-compartment model fitting when the maximum q-value was very small, especially at 100 and 200 cm ¹1 . This result implies that maximum q-values that are too small are also not optimum for two-compartment model fitting. A possible explanation for this result is that the dominant contributor to the echo attenuation at a very low q-value, such as 100 cm ¹1 , is faster free diffusion, and a higher q-value is required for the restricted diffusion within a cylinder to influence echo attenuation. Although Eq. [5] is valid only when the q-value is very low, a certain level of high q-values may be required for the two-compartment model Eq. [10] to distinguish these 2 different diffusion conditions.
In vivo experiment in healthy volunteers
The corpus callosum is a wide bundle of axonal fibers that connects the left and right cerebral hemispheres. Fiber composition along the corpus callosum is a rough representation of the topography of the different cortical areas, in which the prefrontal areas are connected through the anterior part (genu), the primary and secondary sensorimotor areas are connected through the midbody, and the temporal, parietal, and occipital areas are connected through the posterior part of the corpus callosum (splenium). 23, 37, 38 In our in vivo experiment in healthy volunteers, we observed the estimated mean axon diameter was higher in the midbody of the corpus callosum (A3 to A6) and smaller in the genu (A2) and splenium (A7). This anterior-to-posterior trend of estimated mean axon diameter is generally consistent with findings reported by Aboitiz and colleagues 23 from a study of the post-mortem human corpus callosum using light and electron microscopy. 23 Large fibers with fast conduction velocity in the midbody connect the primary and secondary somatosensory, motor, and auditory areas, and Aboitiz's group suggested that these large fibers contribute to the synchronous processing of hemirepresentative information with fast interhemispheric communication. 23 On the other hand, small fibers in the genu and midsplenium connect the prefrontal area and temporal/parietal areas, respectively. In Table 4 . P-value estimated using paired t-test with Bonferroni correction (number of comparisons, n = 15), showing the significance of the difference of the averaged intra-axonal space (IAS) volume fraction among 6 divided anatomical regions these areas, fast interhemispheric communication may not be so important because the processing time is relatively longer than that in the somatosensory areas. In addition, the slower conduction velocity of small fiber may permit cascade processing of hemirepresentative information. 23, 38 The IAS volume fraction estimated in our study was generally higher in the genu and splenium and lower in the body of the corpus callosum. This result showed a trend similar to the fiber density reported by Aboitiz's team, 23 although the IAS volume fraction and fiber density (count per area) do not represent exactly the same entity. Two conditions could explain the decrease in fiber density in the body of the corpus callosum-a decreased number of fibers per area resulting from large fibers occupying the space and/or increased EAS space resulting from the reduction of fibers with small diameter. Aboitiz and associates estimated that the increase of the area occupied by very large fibers in the body compared to the genu was smaller than the decreased fiber density, and they suggested that increased interfiber distance contributed to decreased density. 23 It is a plausible explanation that the regional trend of IAS volume fraction observed in our study reflects the increased interfiber distance in the body.
Although the estimated mean axon diameter in our study has the same trend with histologically measured axon diameter reported by Aboitiz's group, 23, 38 we need to be cautious when comparing the absolute values of the diameter. For example, histological preparation causes cells to shrink, so correction of histological data is required. Alexander and colleagues multiplied the diameter in the histological data by 1.5 in their study. 33 It should also be considered that the signal contribution to the echo attenuation measured using MR imaging is proportional to the square of the axon diameter. Therefore, the mean axon diameter estimated using this method is also weighted with the square of the axon diameter. On the other hand, using electron microscopy, the axon diameter is measured directly from the image. Therefore, the estimated mean axon diameter tends to be larger than the histologically measured axon diameter. Even considering these factors, however, our mean axon diameter seems generally larger in size. A possible explanation is that they measured the minimal distance between 2 inner myelinated sheaths as the fiber diameter to prevent overestimation due to oblique sectioning of the fibers. However, we estimated the root mean square displacement only in the direction of the applied diffusion sensitizing gradient. Even though the corpus callosum is a bundle of highly aligned axonal fibers, obliquely sectioned fibers could exist in the midsagittal slices of the corpus callosum, and the larger apparent diameter of those fibers could cause the observed overestimation. The groups of Barazany 39 and Alexander 33 have also reported overestimation of their obtained axon diameter compared to histology findings. Our data showed relatively similar values to the human data from the study of Alexander. 33 The presence of unmyelinated axonal fibers in the corpus callosum may also cause the observed overestimation. La Mantia and Rakic 40 showed the proportion of unmyelinated axonal fibers in the corpus callosum of the rhesus monkey as 25 to 35% in the genu and 5 to 10% in other regions. Aboitiz 23 observed the proportion of unmyelinated axonal fibers in the human corpus callosum as 16% in the genu and less than 5% in other regions, which was a similar trend but less than the findings in the rhesus monkey. Although the proportion of unmyelinated axonal fibers is very small in the human corpus callosum, except in the genu, unmyelinated axonal fiber may contribute to the overestimation of the mean axon diameter, just as mean displacements of myelin-deficient spinal cords were found to be higher than those of normal spinal cords in the QSI study. 41 Another possible explanation is imperfection of the two-compartment model. In this model, restricted diffusion is not assumed in the EAS, which means the axons do not influence the signal from the EAS. However, this is valid only when the distance between the axons is sufficiently large compared to the length of water diffusion and no other barriers restrict the diffusion of water molecules. These assumptions can be violated when axons are tightly packed or when barriers other than axonal walls restrict water molecules.
An important limitation of this method is that it also assumes approximation of the SGP. Even though the method does not require very high qvalues, the limited maximum magnetic field gradient strength of a clinical scanner prevents achievement of the infinitely short gradient pulse duration. Studies of the effect of long gradient pulse duration by simulation and experiments 19, 25, [42] [43] [44] have shown echo attenuation shifted toward a higher q value, resulting in a narrowed PDF and underestimated root mean square displacement. In addition, interpretation is more complicated using the twocompartment model in this method. The groups of Malmborg 25 and Nossin-Manor 44 have reported that longer gradient pulse duration lead to the apparently increased relative population of the slowdiffusion component, which could suggest possible overestimation of the IAS volume fraction in our results as well. In light of possible over-/underestimation in this study, our data should be interpreted as apparent values. However, several in vivo QSI studies using clinical scanners have offered valuable insights into the tissue microstructure of several diseases, for example, even when SGP approximation was violated. [19] [20] [21] [22] Another limitation is that the method works only when the diffusion sensitizing gradient is applied perpendicular to axonal fibers, so its application might be limited to certain anatomies, such as the corpus callosum and spinal cord, in which axonal fibers tightly align. However, several neurological diseases often affect the fiber composition and integrity of the corpus callosum, and several studies have reported morphological and microstructural changes of the corpus callosum in patients with neurological diseases, such as autism, 45, 46 schizophrenia, 47 and bipolar disorder. 48 In these diseases, abnormal interhemispheric connectivity is suggested, and the noninvasive measurement of axonal properties of the corpus callosum could provide useful information.
Despite the limitations mentioned, this method has the potential to provide useful insights with a clinically available scanner and scan time. This low q-value method was recently employed to investigate alteration of the axonal environment of the corticospinal tract (CST) in patients with idiopathic normal pressure hydrocephalus (iNPH). 49 The CST is a relatively well aligned fiber bundle and could be a suitable anatomy for the use of this method. Those researchers observed a decreased ECS volume fraction at the paraventricular level in patients with iNPH compared to controls, and compression of the fiber bundle by ventricular enlargement was suggested. However, they observed no significant difference in the estimated mean axon diameter, which suggests the compression does not cause an irreversible axonal damage. These insights may help in understanding the microstructural alteration in iNPH and in predicting response to surgery.
Conclusion
In this study, we investigated the clinical feasibility of the echo attenuation fitting method using only low q-values. Simulation study showed the trend of estimated parameters when the maximum q-value was changed for fitting and suggested a suitable range of maximum q-values for two-compartment model fitting. This method allows estimation of the mean axonal diameter and volume fraction of the human corpus callosum using a 3T clinical scanner within a clinically feasible scan time.
